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Coherent sources of attosecond extreme ultraviolet (XUV) radiation present many challenges if their full
potential is to be realized. While many applications benefit from the broadband nature of these sources, it is
also desirable to produce narrow band XUV pulses, or to study autoionizing resonances in a manner that is free
of the broad ionization background that accompanies above-threshold XUV excitation. Here we demonstrate
a method for controlling the coherent XUV free induction decay that results from using attosecond pulses to
excite a gas, yielding a fully functional modulator for XUV wavelengths. We use an infrared (IR) control pulse
to manipulate both the spatial and spectral phase of the XUV emission, sending the light in a direction of our
choosing at a time of our choosing. This allows us to tailor the light using opto-optical modulation, similar to
devices available in the IR and visible wavelength regions.

The ability to control light is central to any optical application. Though the methods used depend on the spectral
regime, they have in common that both the spectral and spatial
phase are controlled. This phase control can be exerted for instance by the acousto-optic effect, where a sound wave is sent
through a crystal1 ; the electro-optic effect, using a slow electric field to change the light-matter response; or by the use of a
spatial light modulator2 . These techniques are generally used
to modulate light with frequencies that can be sent through
a crystal or a fiber3 , and they are therefore limited to light
with visible or longer wavelengths, due to absorption. The
need for methods to control the spatial and spectral properties of light with shorter wavelengths has been manifested by
the recent development of both attosecond extreme ultraviolet
(XUV) sources4–6 from high harmonic generation (HHG)7–11
and soft x-ray pulses from free electron lasers (xFELs)12,13 .
These sources of ultra-broadband, coherent radiation are making possible time-resolved measurements of electron dynamics in atoms, molecules, and solids14–25 .
We propose to use the phenomena of controlled free induction decay (FID) to extend the possibilities of phase and amplitude control to the XUV. FID is the emission that follows
any coherent excitation of an ensemble of atoms in the absence of an external electromagnetic driving field, and was
first proposed26 and seen27 in nuclear magnetic resonances
(NMR) in the late 1940s, and later observed in the visible
regime28,29 . The emission is due to the excitation of resonant
states and it has the same spatial properties as the excitation
pulse, but with a phase-shift. The interference between the
two fields at the resonant frequencies yields the absorption
spectrum observed in optical spectroscopy. If, for example,
the individual emitters are π out of phase with the excitation
pulse then the normal Lorentzian lineshape is observed. For
any other phase there will be an asymmetric Fano profile30 ,
as for example when an autoionizing resonance is excited.
Control over the phase of individual XUV emitters and the
consequent change in the absorption lineshape by XUV FID
(xFID) has been demonstrated in attosecond transient absorption experiments in gas-phase atoms and molecules31–35 , and
in metals36 . Beaulieu et al. also showed the long decay time
of this emission37 .

In this article we extend the temporal control of xFID to
the spatial domain thus demonstrating an opto-optical modulator for XUV light. We use an infrared (IR) control pulse
to manipulate both the spatial and spectral properties of resonant emission in the XUV, sending the emission in a direction of our choosing at a time of our choosing. By adding
control over the spatial phase of the xFID emission we can
both create narrow-band sources of XUV radiation tuned to
specific frequencies and we can study resonant emission in
a background-free measurement scheme. Our opto-optical
modulator also provides a pathway toward synchronizing xray from xFELs and IR pulses at the sub-femtosecond level
– an order of magnitude better than what is presently possible. Our work also demonstrates the benefits of thinking
about absorption and emission as field-driven processes in the
time domain, which complements the more common picture
of photon-driven processes in the frequency domain.
To induce the xFID we use a tunable XUV pulse produced
by HHG7–11 to create a coherent superposition of ground and
excited states in gas-phase argon. After being coherently excited, the different atoms along the propagation direction emit
with a fixed phase relation. This leads to phase-matching
of the dipole emission in the forward direction, resulting in
an xFID signal [Fig. 1 a-c]. Though the xFID is emitted
in the same direction as the excitation pulse, the temporal
properties of the emission depend on the coherence time of
the excited state. This results in an exponentially decaying
xFID emission following the excitation pulse, which allows
interaction between the excited atoms with an additional light
pulse [Fig. 1 d-g], enabling phase control without perturbing
the excitation processes. When a moderately strong IR control pulse interacts with the excited atoms in the ensemble the
energy levels will be AC-Stark shifted. If the laser pulse is
not too strong (i.e. not ionizing the medium), the energy levels will follow the field adiabatically and return to their initial
energy after the pulse, with the only difference being that the
superposition has accumulated an additional phase shift ∆ϕ.
This phase shift depends on the intensity of the IR pulse:
Z

∆ϕ(x, y, z) =
TIR

∆E(x, y, z,t)
dt,
h̄

(1)

where ∆E is the intensity-dependent energy shift of the lev-
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Figure 1: Schematic illustration of xFID radiation control. a An ensemble of atoms excited by an ultrafast XUV pulse emit xFID radiation
(purple) after the XUV pulse (blue) has passed. The atoms oscillate in phase orthogonal to the propagation direction of the excitation pulse
(illustrated by the vertical purple lines). Phase matching creates a well-defined xFID beam. b The temporal structure of the xFID emission
decays over a long time. c The phase relation between the excitation pulse and the xFID leads to destructive interference at the detector in
the far-field, normally called absorption. d An IR pulse (red) that co-propagates with the XUV pulse through the medium creates a spatialdependent phase shift of the dipoles via the AC-Stark effect. This phase shift depends on the integrated IR intensity for each atom and results
in a rotation of the wave fronts after the IR pulse. e This rotation redirects the xFID emission after the IR pulse. f, g In the far field this yields
an off-axis emission component and an altered on-axis absorption as well.

els and TIR the duration of the IR pulse. If all the atoms are
exposed to the same time-dependent IR intensity, the induced
phase shift will lead to interference between the part of the
xFID that comes before the IR pulse and the part that comes
after, thereby modifying the spectral and temporal structure of
the emission in the forward direction. By parallel shifting the
IR beam, different atoms are exposed to different IR intensities, imposing a spatial phase variation across the gas. This
allows us to tailor the wavefront of the xFID, redirecting all
the emission that comes after the control pulse [see schematic
illustration in Fig. 1 d-g and experimental demonstration in
Fig. 2].
Our experimental technique (see Methods and Fig. 6) utilizes an attosecond transient-absorption scheme23,31,38 in a
non-concentric geometry together with a high resolution, flatfield imaging spectrometer. In the first set of measurements
that we will discuss, the laser wavelength is 780 nm so that
the 9th harmonic is centered at 14 eV and the broadband VUV
light spectrally covers both the 3s2 3p6 →3s2 3p5 5s (14.09 eV)
and 3s2 3p6 →3s2 3p5 3d (14.15 eV) transitions. In Fig. 2 experimental results for different IR intensities are presented.

When no IR control pulse is used [Fig. 2 a] the xFID signal
consists of narrow spectral lines that are slightly more divergent than the original pulse. The excited states have long coherence times, which leads to narrow spectral features, while
the dephasing that takes place during this time results in a
phase front distortion and increased divergence. In Fig. 2 b-d
we use an IR control pulse that comes 200 fs after the excitation pulse. As the control pulse interacts with the medium
it induces a spatial phase variation across the ensemble of excited atoms. This terminates the on-axis component of the
xFID field, and the subsequent xFID signal is redirected, creating the observed off-axis signal. With increasing intensity
the spatial phase variation increases and the redirection angle
increases as a result.
The on- and off-axis components of the xFID also display
different spectral characteristics. The total on-axis signal results from coherent superposition of the incoming field and
the generated xFID field in the forward direction. Since the
xFID emission is π phase-shifted with respect to the excitation pulse, the two fields destructively interfere. This results
in a spectral hole at the transition energies, normally called
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Figure 2: Experimental spatial–spectral profile of the VUV pulse
consisting of the 9th harmonic of 780 nm after transmission
through argon. a Without an IR control pulse. b An off-centered IR
pulse follows the harmonics through argon and redirected, off-axis
emission is seen from the states resonant with harmonic 9. c-d By
increasing the IR intensity the induced wavefront rotation increases
and therefore also the redirection angle.

absorption. Since the xFID emission in the forward direction is terminated by the IR control pulse, thus effectively
reducing the lifetime in this direction, the spectral width of
the on-axis absorption will increase with respect to the no IR
case[Fig. 1 c,g]. We also expect its width to depend on the delay between the two pulses. In contrast to this, the spectral
width of the redirected xFID signal is set by the decay time of
the emission, which is independent of the delay.
In Fig. 3 we investigate these spectral features as a function of the relative delay (τ) between the pump and control
pulse. The intensity of the control pulse is reduced as compared with Fig. 2 in order to minimize the perturbation of the
excitation process when the two pulses overlap temporally. In
this experiment we direct the xFID emission upwards. Fig. 3
compares the spectral width of the on-axis absorption and the
xFID off-axis emission and shows that the spectral width of
the off-axis emission is not affected by the delay, while the
total signal is reduced. In contrast, the spectral width of the
on-axis absorption shows an inverse relation with the time delay, in agreement with our description of the process. In the
off-axis emission the two states are clearly resolved as emission peaks for all delays, while they can only be resolved as
two absorption dips on-axis for delays larger than 500 fs.
To model these experimental results we use the theoretical
framework outlined in Gaarde et al.39 . We numerically solve
the coupled time-dependent Schrödinger equation (TDSE),
in the single active electron approximation (SAE), and the
Maxwell wave equation (MWE). While the experiment considers a non-coaxial geometry for the two pulses, to simplify
the computations we use a coaxial geometry in our simulations. The primary difference between these two geometries
is that the non-coaxial geometry redirects the resonant XUV
emission in a single direction, whereas the coaxial geometry directs the resonant XUV emission into a halo around the
shared axis. For the SAE-TDSE calculations we use a pseudopotential that accurately reproduces the singly-excited energy levels of helium. The IR pulse has a central wavelength

Figure 3: Delay dependence of the on- and off-axis emission. a a
spatial–spectral profile at a delay of 800 fs. The dashed lines show
where the off-axis (upper) and on-axis (lower) line-out is taken. b A
line-out of the off-axis emission that shows the same spectral width
for all delays. c A line-out of the on-axis emission for different delays. The dark dashed lines show the energies corresponding to states
in argon (5s and 3d). With increasing delay the absorption holes becomes more narrow, and at a delay of 900 fs one can resolve the two
states.

of 770 nm, a FWHM duration of 30.8 fs, and a peak intensity of 0.5 TW/cm2 , while the XUV pulse has a central energy
of 21.1 eV, a FWHM duration of 20.5 fs, and a peak intensity
of 1010 W/cm2 . The central energy of the XUV is chosen to
match the 1s2 − 1s2p excitation energy in our helium potential. We impose a 360 fs dephasing time on the dipole, which,
though it is much shorter than the true dephasing time, is much
longer than the time scale set by the IR pulse and the relative
XUV-IR delays we use. The confocal parameters of the two
beams are chosen such that they have similar radial extents,
with a bIR = 1 cm and bXUV = 25 cm. This allows the atoms
that interact with the XUV field at the center of the IR beam
to experience a much different Stark shift than the atoms that
interact with the XUV field at the edge. To further reduce the
required computational time, we restrict the fields to interact
with only a single plane of atoms, with a width of 0.001 cm
and a large atomic density of 5 · 1018 atoms/cm3 . The calculated near-field macroscopic electric field is transformed to
the far field, and we plot the azimuthally integrated spectral
intensity.
The results are shown in Fig. 4 a for the case of an IR pulse
arriving 13 fs after the XUV pulse. Here we see that near to the
common propagation axis, for example at 0.02 cm, the XUV
shows absorption at the resonant frequency, whereas off-axis,
for example at 0.08 cm, there is an emission feature at the
resonant frequency. In our calculations, this off-axis resonant emission only occurs when the IR pulse overlaps with
the XUV pulse in time or arrives after the XUV pulse, which
agrees well with the experimental observations. We also find
(not shown) that we can reduce the radial extent of this offaxis emission by reducing the peak intensity of the IR pulse,
in agreement with the experimental observations illustrated in
Fig.2 b-d.
To compare our theoretical calculations to these experi-
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principal quantum number n≥ 6 since these states can be expected to have lifetimes longer than the duration of our control
pulse31,40 . The laser system is tuned to a carrier-wavelength of
820 nm resulting in harmonic 19 spectrally overlapping with
the n = {6,7,8} states [The vertical lines in Fig. 5 a]. Fig. 5 ac present the experimentally measured spatial-spectral profile
for three different delays between the XUV and IR pulses.
When the IR pulse arrives 50 fs [Fig. 5 c] after the XUV pulse,
we observe that the on-axis light is almost fully redirected.
The efficiency of the process depends on the conversion efficiency to xFID emission and the efficiency of the control over
the xFID signal. Absorbing photons from the XUV pulse and
converting them to xFID emission depends on the amount of
interacting atoms and thus the gas pressure, which can easily
be controlled. The redirection efficiency depends on the shape
of the control pulse and can be very high. With the gas pressure and control pulse used in the experiment more than 70 %
of the emission is redirected.

Figure 4: Theroretical calculations. a Calculated, azimuthally
integrated, spectral intensity for an XUV pulse centered on the
1s2 − 1s2p excitation energy of helium, with a XUV-IR delay of
13 fs. Note that black is saturated above the maximum on this color
scale. The purple dashed lines show where the off-axis (upper line)
and on-axis (lower line) line-out is taken for b and c, respectively.
The white dashed line show the lower boundary of what we consider
for the off-axis emission signal analyzed in d. b A line-out of the
off-axis emission that shows the same spectral width for all delays,
compared with a calculation that has no IR pulse. c A line-out of the
on-axis emission for different delays, compared with a calculation
that has no IR pulse. With increasing delay the profile approaches
the no IR case and the absorption lineshape narrows. d shows the
radially averaged near field time profile of the off-axis emission for
different delay. In these time profile calculations, the XUV pulse is
centered at t = 0. and the IR pulse is centered at the given delay.

The temporal dynamics of the wavefront rotation induced
by the IR-imposed phase shift is explored further in Fig. 5 d-e,
where the temporal structure of the redirected xFID emission
at the energies corresponding to the n = {7,8} states is plotted
as function of delay. When the IR pulse precedes the XUV
pulse the emission has the same direction and divergence as
the pump pulse. In this case the coherence times of the states
are short with no time for de-phasing and therefore no increase
in the divergence of the xFID emission. When the two pulses
start to overlap, the xFID emission begins to change direction. With the intensity gradient used in this experiment the
maximum wavefront rotation speed is about 0.06 mrad/fs. For
larger delays the direction no longer changes and the decay
can be followed by integrating the off-axis signal, Fig. 5 de. The decay times for the xFID signals from the 7p and 8p
states are found to be 264 ± 2 fs and 405 ± 9 fs, respectively,
assuming a Gaussian temporal profile of the IR pulse.

mental results, we plot lineouts of the azimuthally integrated,
spectral intensity at different delays for the off-axis and onaxis case in Fig. 4 b-c, respectively. These off-axis and onaxis results agree well with the observed experimental results
in Fig. 3 b-c. For the off-axis case, we find that increasing the
IR-XUV delay reduces the intensity of the resonant emission
feature, approaching the results for the case of no IR pulse at
delays close to the dephasing time of the dipole. The off-axis
emission feature maintains a Lorentzian lineshape with a near
constant spectral width for all delays. In contrast, the on-axis
case shows much less intensity modulation with increasing
delay, however, the dispersive lineshape evolves significantly
as we vary the IR-XUV delay. The on-axis absorption lineshape becomes narrower with increasing delay, approaching
the on-axis results for the case of no IR pulse at long delays.
Next we experimentally follow the delay dependence of the
xFID emission while also showing that our technique can be
extended to shorter XUV wavelengths. To this end, we excite several autoionizing states in argon. The 3s1 3p5 np series
of autoionizing states in argon have much higher excitation
energies and shorter lifetimes than the states previously presented in this article. We focus on the control of states with

Our theoretical framework provides us with a way of testing our picture of xFID control by calculating the time profile
of the near-field radiation that leads to the observed off-axis
signal in the presence of the IR field. As shown in Fig. 4 d,
this time profile is calculated by spatially selecting the far field
radiation outside a radius of 0.05 cm, then back-transforming
to the near field and finally radially integrating the result. For
normalization purposes, we then subtract the corresponding
time-profile of the off-axis radiation generated in the absence
of the IR field. This allows us to directly access the time profile of the off-axis emission feature that results from the radially dependent Stark shift introduced by the IR field. For a
13 fs IR delay (black), the time profile of the off-axis radiation follows that of the dipole response, showing both a linear
response to the XUV until the end of the pulse (t ≈ 30 fs) and
then a long xFID tail after the end of the XUV pulse. As the
XUV-IR delay increases, the time profile of the off-axis emission is seen to result from later in the dipole response, with the
time profile always beginning at a time near the peak of the IR
field, where the maximum Stark shift occurs. This analysis
strongly supports the physical picture presented for the generation of this off-axis resonant emission.
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cise temporal control over narrow-band XUV sources. The
ability to control the XUV emission in both time and space
will also make these light source attractive to a wider variety
of users, and there are many exciting opportunities ranging
from ultrafast quantum information in the XUV to nanoplasmonics studies and femtochemistry. It is also possible to envision the seeding of free-electron lasers with controllable
narrow-band XUV light in order to minimize temporal jitter
effects41 . These same techniques may also help improve the
synchronization between light from FELs and lasers by exciting the ensemble of atoms using the FEL and then producing
an XUV pulse using opto-optical modulation. The resulting
XUV pulse will then be synchronized with the laser pulses
used to redirect the emission, at the femtosecond level of precision.

Figure 5: Delay dependence of xFID emission a-c Spatial spectral profile of XUV light transmitted through the argon gas for three
different delays between the IR and XUV pulse. Negative delays
correspond to the IR pulse preceding the XUV pulse. d-e Lineout
of how the emission direction changes as a function of delay from
the different excited states (7p and 8p). The signal is normalized to
when the IR pulse precedes the XUV pulse. The off-axis signal is
integrated around -2 mrad and shown as a white line, normalized to
the end value.

Summary

Our experimental and theoretical results all fit well within
the framework presented in the introduction: An XUV pulse
induces a long-lived dipole polarization at a resonant frequency that is out of phase with the driving pulse, and then
an IR pulse, arriving at a later time, induces a spatially dependent phase shift on this polarization. The generated signal that
occurs before the phase shift continues to propagate forward
and appears as absorption when interfering with the driving
XUV pulse at the detector. The polarization that occurs during and after this phase shift leads to light propagating off-axis
and appearing as new emission, free of the background due to
the driving pulse. The redirected emission process is very efficient since almost all the emission from the excited states
can be redirected. An additional control pulse would allow
for even more precise manipulation of the temporal structure
of the emission.
The advent of pulse shaping in the IR and visible regimes
by acousto-optic and electro-optic modulators has proven an
invaluable tool in a broad range of a photonic fields, such as
quantum control, ultrafast science, and telecommunication.
Our work extending this methodology to the XUV by using
phase and amplitude control to build an opto-optical modulator opens a similar range of possibilities. For example, using
multiple IR control pulses will allow for the rapid switching
of xFID emission along a particular direction and thus pre-
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Methods

The experimental setup relies on an amplified titanium sapphire laser system, which delivers 5 mJ, pulses, with a carrier
wavelength around 800 nm, at a repetition rate of 1 kHz. The
laser system contains two acousto-optical programmable dispersive filters (Dazzler and Mazzler from Fastlite), capable
of shaping the spectral phase and amplitude of the amplified
pulses. The Mazzler is placed inside the cavity of a regenerative amplifier, where it is used to counteract the effects of
gain narrowing by selectively diffracting the spectral components with the highest gain out of the cavity. The use of the
Mazzler allows for a top-hat shaped spectral gain-profile of
the laser system with a bandwidth of around 100 nm. The
Dazzler is placed in the stretched oscillator beam and is used
to pre-compensate any non-linear phase accumulated by the
pulse in the amplifier system in order to generate pulses with
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Figure 6: Overview of the experimental apparatus. An attosecond pump-probe interferometer is used in a co-propagating non-concentric
geometry. The IR beam path is indicated with red lines, the XUV beam path with purple, and the split-off HeNe for active stabilization is
indicated with green lines. The top left panel shows the XUV spectrum transmitted through argon gas without the control field, as a function
of the carrier wavelength of the driving laser field. Also shown are the Fano energy levels in argon with vertical dashed lines.

near Transform-limited duration (TIR ≈ 20 fs ) after a grating
compressor. In addition to optimizing the compression of the
pulses the Dazzler is used to restrict the bandwidth of the seed
pulses for the laser chain. The combination of the Dazzler and
Mazzler allows for a tunability of the carrier wavelength of the
laser system to roughly 50 nm (775 nm-825 nm), while maintaining a bandwidth of 50 nm. The duration of the bandwidth
reduced pulses correspond to TIR ≈ 30 fs.
The pulses were directed into a balanced Mach-Zehnder interferometer actively stabilized by a co-propagating frequency
stable helium-neon laser [Fig. 6]. Both the separation and
recombination of the two interferometer arms were done by
mirrors with holes drilled through their center. In one of the
arms, high-order harmonics were produced by focusing the
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